10% in highly efficient devices. [1] [2] [3] A milestone in the development of OPVs has been the introduction of processing additives which may significantly increase the device performance in many photovoltaic blends. These additives include high boiling point solvents, [4] selective solvents (e.g. alkane dithiol), [1] polar non-solvents, [5] and very frequently diiodooctane (DIO). [6] In spite of widespread application of additives in OPVs, a mechanistic understanding of the additive-induced efficiency enhancement remains limited. [7] One of the major ways by which additives improve OPV device performance is by helping to optimize the active layer morphology. Since OPVs are made from a blend of nanostructured donor (e.g. polymer) and acceptor (e.g. fullerene) components, the morphology at the nanoscale is of critical importance for the device performance. While additives have clearly been shown to have dramatic impacts on OPV nanostructure, the specific effects can vary widely depending on the particular donor/acceptor system used. In some systems, additives have been shown to increase the domain size of donor and acceptor components, enhancing charge transport and decreasing bimolecular recombination of separated charge carriers. [6, 8] In others, additives play an important role in dissolving the fullerene aggregates and/or improving the crystallinity of the polymer phase, enhancing charge separation. [9] [10] [11] Very recently, Guo et al. showed that additives help to optimize surface compositions, enabling a polymer-rich composition close to the anode which enhances charge collection. [12] These previous reports demonstrate that additives play a critical role in optimizing OPV morphology, which affects all the steps involved in photon-toelectron conversion, including charge separation, charge recombination, charge transport, and charge collection. [13, 14] In addition to morphology and geometrical disorder, another parameter that is vitally important to OPV performance is the energetic disorder. It has been demonstrated that higher levels of energetic disorder increase recombination and are detrimental to device performance. [15] Recent spectroscopic measurements and quantum-mechanical calculations also indicate that lower levels of energetic disorder in the fullerene phase can suppress recombination of triplet charge-transfer states, and hence enhance device performance. [16, 17] However, little is known concerning the effect of additives on the energetic disorder in OPVs.
In this communication, we investigate how additives affect the energetic disorder in a polymer:fullerene model system consisting of a benzodithiophene-based copolymer
, PBDTTT-C-T) and phenyl-C71-butyric-acid-methyl ester (PC71BM) (see Figure S1 for J-V curves). Benzodithiophene-based copolymers have found widespread applications in highly efficient OPV devices. [18] Based on temperaturedependent mobility measurements, we demonstrate that the additive DIO lowers energetic disorder in the blend. We show that the improvement in energetic order occurs primarily for electron transport in acceptor domains, while the disorder for holes is relatively unaffected by DIO. The ability of DIO to lower the energetic order is confirmed by highly sensitive measurements of the weak charge-transfer state emission. Wide-angle (WAXS) and smallangle X-ray scattering (SAXS) measurements suggest the origin of this reduced energetic disorder is due to increased aggregation and a larger average fullerene domain size together with purer phases upon addition of DIO.
The most straightforward approach to investigate the energetic disorder in organic semiconductors is to make temperature dependent mobility measurements. In organic semiconductors, charge carrier transport occurs through a distribution of states via a hopping process, and the mobility is not a constant due to the energetic disorder. Instead, it depends on both electric field and carrier concentrations. [19] As the electric field increases, a greater number of states are accessible to charge carriers, resulting in an increase in the mobility. In addition, with increasing carrier concentration the average energy of the carriers increase, making the carrier hopping process easier and giving rise to a carrier-density-dependent mobility. [19] The dependence of mobility on carrier density helps to explain important observations in organic semiconductors. For example, the mobility enhancement commonly observed in a transistor architecture relative to measurements done in a diode structure for the same material is due to a significantly higher carrier concentration for the former. [20] In order to extract the energetic disorder value from electrical measurements, a numerical model for the mobility is required. Pasveer et al. developed a model, known as the extended Gaussian disorder model (EGDM), to account for the effects of the carrier concentration on the mobility in space-charge-limited (SCL) J-V curves. [21] Greenham and co-workers demonstrated that the EGDM could be applied in single-carrier devices as well as blends. [22, 23] In these studies, it was found that the field enhancement factor predicted by the Pasveer model failed to reproduce the single-carrier current densities, and that a Poole-Frenkel-type field enhancement of the mobility was used instead. The discrepancy was suggested to arise from the presence of correlated disorder. [22] Following Greenham's approach to parametrize the mobility, J-V curves can be numerically solved based on the drift-current equations and the Poisson's equation (see the SI for details). [24, 25] In this way, the energetic disorder can be quantified by measuring and modelling J-V curves of single-carrier devices over a range of temperatures. Though not the focus of this paper, we note that in addition to the EGDM, there are other models describing charge transport in organic semiconductors, e.g. band-like transport with multiple trapping.
[ [26] [27] [28] J-V curves of electron-only devices, processed with and without DIO, taken at different reduced electron mobility, presumably due to reduced size of the fullerene-rich domains in that case. [29] For hole transport, the addition of DIO has a negligible effect on the hole current for all temperatures ( Figure S2 ). This observation is consistent with a previous report on PTB7, where no effect on the hole transport was observed upon addition of DIO. [29] By fitting the curves at different temperatures, we obtain a Gaussian disorder width σ of 70 meV for holes ( Figure 1c ) in devices with and without DIO. We also plot the relation between the field activation parameter γ and temperature T for all the devices in Figure S3 . Simulations based on spatially correlated disorder predict a temperature dependence of γ  T -α , [30] with α varying between 1 and 2. The value of α depends on the degree of correlation, with completely uncorrelated disorder giving an α value of 2. The fitting in Figure S3 shows α = 1.5 (solid lines), suggesting that the disorder in this system may be correlated.
In order to confirm the disorder values obtained from the single-carrier diode configurations, we performed a complementary experiment in a transistor configuration. The transistor data can be evaluated in a more straightforward manner, [31] although charge transport occurs in a different direction compared with that in OPVs. The transistor measurements are fully consistent with the diode data. They show a nearly identical hole mobility for devices with and without DIO for all the measured temperatures, while there is a marked decrease of the temperature dependence of the electron mobility in samples with DIO, indicating a reduced disorder. By evaluating the data using the Gaussian Disorder Model (GDM) and a carrier concentration dependent mobility according to a numerical approximation suggested by Coehoorn et al., [32] qualitatively similar disorder numbers to the diode measurements are obtained. The σ values are higher in the case of the transistor structure: 79 meV for holes (both with and without DIO), 123 meV for electrons without DIO and 91 meV for electrons with DIO. Higher σ values in the transistor structure could be due to the influence of water at the dielectric interface of the transistor [31] or due to the fact that the interface is more disordered. [33] We note that other polymer:fullerene blends react in different ways to additives. For example, it was found that 1,8-octanedithiol can increase the hole mobility of a polymer:fullerene blend in the transistor configuration, where a benzothiadiazole-containing copolymer is employed. [34] Further information concerning the energetic disorder is obtained by measuring the weak emission from charge-transfer (CT) states using highly sensitive techniques. CT emission happens at the interfaces between the donor and acceptor, providing rich information on the energetic ordering of these two phases. [35, 36] The electroluminescence (EL) of the devices with and without DIO are shown in Figures 2 (a) and 2 (b), respectively. Since the EL of both pure PBDTTT-C-T and pure PC71BM is above 1.5 eV, [37] we attribute the EL in the blend to the emission from CT states. [38] The CT EL spectra show a slight blue shift with increasing bias in both devices, as demonstrated in other blends as well. [38, 39] It is possible to explain such a shift with state-filling effects, which would require electron densities (the most disordered phase) above 10 -5 carriers per site for the measured levels of disorder. [36] Another possible explanation for the EL shift could be energetic relaxation, where the average carrier energy decreases with time. This time is usually comparable to the transit time for the given conditions. [40] It is obvious that the EL of the device without DIO shows a stronger dependence on the injected current, which is consistent with a higher disorder irrespective of if it is due to state-filling effects or energetic relaxation. Due to the spectrum shift caused by energetic disorder in CT EL measurements, we consider the CT absorption measurement to be a more suitable estimation of the CT state energy ( Figure S4 ).
In addition to CT EL, we also show photoluminescence (PL) of CT states in the same figure. The PL of the blend is usually dominated by the emission from pure components, and the emission from CT states only appears as a shoulder ( Figure S5 ). The CT emission can be quenched by applying a negative bias, enabling us to obtain solely the CT emission by subtracting the emission of the blend at a negative bias (-2 V in our case) from that at the open-circuit voltage. CT PL shows a blue shift compared with CT EL, consistent with previous reports. [35] This behaviour can be explained by taking the energetic disorder into consideration. In EL measurements, electrons and holes have relaxed towards their equilibrium energies before meeting and recombining, while in PL measurements the CT emission occurs at, or close to, the point of excitation before most of the relaxation has occurred. [35] In the blend without DIO, the shift between EL and PL is larger than that with DIO, again indicating that energetic disorder is larger in the blend without DIO, and agreeing well with our other findings.
In order to understand the origin of the effect of DIO on energetic disorder in OPVs, we performed X-ray diffraction (XRD) measurements on the blend films. WAXS data shows a peak at q~0.3 Å -1 , consistent with alkyl stacking in the polymer, as well as peaks at q~0.6 Å -1 and q~1.4 Å -1 arising from the fullerene (Figure 3a and Figure S6 ). Upon addition of DIO, the intensity of the alkyl stacking peak increases dramatically while the width decreases. An examination of the angular distribution of X-ray intensity reveals that the polymer orientation is nearly isotropic and remains relatively unchanged after addition of DIO, indicating that the increased intensity is representative of greater crystallinity in PBDTTT-C-T. The coherence length in the alkyl stacking direction, as calculated by the Scherrer equation, increases from 5.2 nm to 10.1 nm while the coherence length for the fullerene also increases from 2.2 nm to 2.8 nm. Additionally, a weak peak consistent with pi stacking in PBDTTT-C-T becomes visible near q~1.6 Å -1 as a shoulder on the right of the fullerene peak at q~1.4 Å -1 .
Complementary SAXS data were obtained and are shown for the films cast with and without DIO in Figure 3b and Figure S7 . The data shows a shoulder in the Guinier region that shifts to a lower q-value with the addition of DIO. [7] Fitting the SAXS data to a Guinier-Porod empirical model allows us to extract the radius of gyration, Rg, which is a measure related to the effective average size of domains in the film as well as the Porod exponent, m, which describes the shape of these domains. [41, 42] We find that the radius of gyration increases from 2.2 nm to 5.1 nm upon addition of DIO and the Porod exponent increases from 2.7 to 3.7,
indicating that the domains are becoming more three-dimensional. While we cannot distinguish separately the size of polymer and fullerene domains from the SAXS data alone, the WAXS data suggests this increased average domain size is due to enhanced aggregation of both components.
Together, these results indicate that the inclusion of DIO causes increased phase separation and allows the formation of larger domains. As the charge transport and optical measurements show that the energetic disorder is reduced in the fullerene phase for films cast with DIO, we hypothesize that DIO causes increased aggregation for both components (polymer and fullerene) by expelling the fullerene from the polymer phase. This is consistent with the strong increase in the intensity of the alkyl stacking peak and also reconcilable with the still weak pi-stacking peak observed with WAXS upon the addition of DIO. Only very local aggregation is needed for efficient charge transport in many disordered but highly performing semiconducting polymers, considering that the hole transport is predominately along the polymer chains. [43] The improvement in energetic disorder for electron transport coupled with the XRD data suggests that the fullerene domains are growing in size. Small fullerene clusters or even single fullerene molecules in the polymer phase have different energy levels than the main fullerene phase and thus the reduction in these small clusters upon addition of DIO explains the drop in energetic disorder. In addition, the fullerene aggregate quality could improve as well upon the addition of DIO, further decreasing the energetic disorder for electrons. Similar morphological characterization has been performed in other material systems. Resonant soft X-ray scattering (RSoXS), WAXS, and SAXS measurements demonstrated that PTB7:PC71BM blends adopt a finer length scale upon addition of DIO and indicated the presence of a second, larger domain length scale on the order of 100 nm. [8, 44] As the SAXS measurements used in the present work cannot probe length scales this large, it is possible that a larger domain size is present in our blends; however, the lack of a change in the hole mobility upon addition of DIO suggests dramatic large-scale domain reorganization is unlikely. The effect of processing additives varies widely depending on the system being studied, making it unsurprising that we observe domain growth in the case of PBDTTT-C-T:PC71BM. [45] In conclusion, we find that the additive DIO helps to decrease the energetic disorder in the PBDTTT-C-T:PC71BM blend, where DIO enhances aggregation and phase separation.
The reduction in energetic disorder is confirmed independently by temperature-dependent mobility measurements and sensitive measurements of charge-transfer emission. Numerical modelling of mobility measurements in both diode and transistor configurations indicates that the reduction in energetic disorder occurs primarily in the electron-transporting fullerene domains upon the addition of DIO, while that for hole transport is unaffected. WAXS and SAXS measurements suggest the origin of this reduced energetic disorder is due to increased aggregation and a larger average fullerene domain size together with purer phases upon addition of DIO. This work demonstrates a new mechanism for the reasons behind additiveinduced efficiency enhancement and has important implications for future materials and device development, where energetic disorder should be minimized by proper design of the materials and careful optimization of processing conditions.
Experimental Section
Device fabrication: ITO glass substrates were cleaned using acetone and 2-propanol successively. A 40 nm thick PEDOT:PSS (Clevious P VP AI 4083, H. C. Stark) layer was spin-coated onto the substrates, which were then annealed at 150 °C for 30 minutes. The substrates were then transferred into a nitrogen glovebox for the further fabrication steps. A 1:1.5 blend (by weight) of PBDTTT-C-T and PC71BM (Nano-C Inc.) was dissolved in 1,2-dichlorobenzene at 80 °C with a total solution concentration of 25 mg ml -1 . This solution was spin-coated at 1000 rpm to yield films with a thickness of ~ 100 nm. For the blend with DIO, 3% volume ratio of DIO was added to the solution. 0.8 nm LiF and 100 nm of aluminum were subsequently evaporated onto the active layer under high vacuum (less than 10 -6 mbar), during which a shadow mask was used to define the active area as ~ 4.5 mm 2 . To fabricate the single-carrier devices, the procedure was the same, except that different top and bottom contacts were chosen so that only a single carrier species can be injected into the active layer.
For the hole-only devices, LiF/Al top electrode in the normal structure was replaced by MoOx Temperature dependent measurements: Single-carrier devices were mounted in a liquidnitrogen cryostat for temperature-dependent measurements. The J-V curves was measured using a Keithley 2400 source meter at temperatures ranging from 170 K to room temperature.
The temperature was monitored and controlled using a LakeShore 330 Autotuning Temperature Controller. Transistors were measured in a micromanipulator equipped high vacuum probe station using a Keithley 4200 semiconductor parameter analyzer, ranging from 240 K to 350 K.
EL and PL measurements:
For EL measurements, the bias was applied on the devices using a Keithley 2400 source meter. For PL measurements, the light source was a blue laser (405 nm).
The spectra were detected using a light guide positioned close to the sample. The detector was a Newton EM-CCD Si array detector at -60 °C with a Shamrock sr 303i spectrograph from Andor Tech.
Wide Angle X-ray Scattering: Measurements were performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-3. The incidence angle (0.12 degrees) was chosen to be above the critical angle of the film and data was recorded on a Mar 2D image plate detector. All measurements were performed in nitrogen with an X-ray energy of 12.7
keV.
Small Angle X-ray Scattering: Measurements were performed on Beamline 7.3.3 at the Advanced Light Source at the Lawrence Berkeley National Laboratory. [46] The experimental set-up was run in grazing incidence geometry and had a working distance of 3.82 m. An Xray beam impinged onto the sample at a grazing angle above the critical angle of the polymer film, using incidence angles (0.12-0.18 degrees) but below the critical angle of the silicon substrate (0.22 degrees). The wavelength of X-rays used was 1.240 Å (10 keV), and the scattered intensity was detected by using two-dimensional charge-coupled device (CCD) camera with image sizes of 2304 × 2304 pixels (Pilatus 6M detector). Background data was taken on a blank substrate (silicon substrate with 200nm oxide) under the same conditions and exposure times of the polymer films. Data was processed using Nika 2D data reduction software. [47] Supporting Information Supporting Information is available from the Wiley Online Library or from the author. 
